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Using a cryogenic diamond anvil cell the pressure dependence of the superconducting transition temperature
Tc of Tl0.5Pb0.5Sr2Ca12xYxCu2O7 for x50.0, 0.1, 0.2, and 0.35 has been measured resistively up to;20 GPa.
In high-Tc superconductors there are two contributions to the pressure dependence ofTc : ne related to
pressure-induced charge transfer and one due to intrinsic effects. In the present experiment these contributions
could be separated using a simple phenomenological model which incorporates the effect of changes in both
the yttrium contentx and the applied pressurep onTc . In this system it is found that there hardly is any charge
transfer by pressure so that the intrinsic pressure effect is the main contribution to]Tc /]p. The maximum



























Since the discovery of superconductivity in the Tl-Sr-C
Cu-O system1,2 it has taken some effort to improve the s
perconducting transition temperatureTc . The parent com-
pound TlSr2CaCu2O7 ~Tl-1212 phase! is a metal, showing no
signs of superconductivity at all down to liquid helium tem
peratures. At room temperature~300 K! TlSr2CaCu2O7 has a
resistivity of 7.2 mV cm which gradually decreases as te
perature is lowered. Extrapolation of the resistivity curve
0 K gives a residual resistance of 2.8 mV cm. Moreover, the
nominal copper valency in this compound is12.5. All of
this indicates an excess of holes on the CuO2 layers giving
rise to a so-called overdoped state. The number of hole
these layers can effectively be reduced by either substitu
Pb41 for Tl 31 or Y31 for Ca21. As shown in Fig. 1, the
structure of the resulting compound ideally is built up
alternating CuO2 layers and~Tl,Pb!-O layers. The CuO2
layers are essential for superconductivity to occur in th
materials and are doped by the~Tl,Pb!-O layers which be-
have as charge reservoir as suggested by Hybertsen
Mattheiss3 on the basis of band structure calculations.
now it seems well established that the superconducting
normal state properties of these and other related cera
compounds depend strongly on the charge carrier den
nh of the CuO2 layers.
4,5 The charge carrier density is de
fined as the number of holes per CuO2 layer and copper
atom.
A systematic investigation o
Tl12yPbySr2Ca12xYxCu2O7 was carried out by Liuet al.
6,7
By optimizing the oxygen content for a number of com
pounds with differenty and x, they were able to establis
that at ambient pressure the highestTc of ;110 K is found
for y50.5 andx50.2. Since many related compounds sh
an increase ofTc with pressure
5,8–11it is tempting to also try
to further increase theTc of this system by applying pres










the lead contenty and the yttrium contentx, one of the
two may be kept fixed and for the present stu
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 was chosen.
This system with the Tl-1212 structure exhibits superco
ductivity over the entire range 0.0<x,0.6. Forx50.0, Tc
has a value of 78 K. With increasing yttrium contentx, Tc
increases to a maximum value of 108 K atx50.2, and then
decreases to 44 K atx50.5. Forx>0.6, the system become
semiconducting.
Apart from searching for the highestTc , studying this
FIG. 1. Schematic representation of the crystal structure
Tl0.5Pb0.5Sr2Ca12xYxCu2O7. Ideally this structure is built up of al-
ternating CuO2 layers and~Tl,Pb!-O layers which act as charg





































































55 11 833PRESSURE DEPENDENCE OF THE SUPERCONDUCTING . . .system may give important information on the pressure
pendence of high-Tc superconductors. As is we
known,12–19the application of pressure not only changes
hole concentration on the CuO2 layers, but also change
their maximumTcmax as a function of hole concentration. B
studying the pressure dependence of samples with diffe
hole concentrations~i.e., different yttrium contentx) these
two effects can be discerned experimentally. This was d
previously atambient pressureby, for instance, Neumeie
and Zimmermann14 and by Garcı´a-Muñoz et al.19
In this paper, the pressure dependence ofTc of various
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 samples is studied up to;20
GPa. In Sec. II a phenomenological model is presen
which describesTc(x,p) in a single simple formula. After a
description of the sample preparation and the experime
details in Secs. III and IV, it will be shown in Sec. V that th
experimentally observed behavior ofTc with pressure for the
different samples can be used together with the mode
Sec. II to find both the intrinsic pressure dependence ofTc
and the amount of pressure-induced charge transfer.
II. PHENOMENOLOGICAL MODEL
It is generally accepted that the superconducting crit
temperatureTc in high-Tc superconductors varies approx
mately as an inverted parabola with the hole concentra
nh .
20–23 Below a certain minimum hole concentration th
compounds are not superconducting and in this region t
show nonmetallic behavior. As the hole concentration on
CuO2 layers is increased,Tc increases reaching a maximu
valueTcmax at an optimal hole concentrationnhmax. For still
higher values of the hole concentration,Tc starts to decreas
and eventually goes to zero. In this region the compou
behave as normal metals. In most high-Tc cuprates it appear
that optimal doping occurs at22,23nh.0.16. Compounds with
a lower hole concentration are said to beunderdopedwhile
compounds with a higher hole concentration are said to




Considerable effort has been devoted in recent years to
cidate the pressure dependence of the superconducting
sition temperature of high-Tc superconductors. High
pressure experiments on these compounds are done in
hope that they provide some answers as to why supercon
tivity occurs at such high temperatures. They may also p
vide important clues in order to synthesize other superc
ducting compounds with even higherTc’s at ambient
pressure.27 The important information on the mechanism
superconductivity is contained in the pressure dependenc
Tcmax @see Eq.~1!#. Unfortunately, due to the strong pressu
dependence ofnh , the pressure dependence ofTcmax is gen-
erally very difficult to find. As will be shown below, the
present study of a series of compounds with, at ambient p
sure, different values ofnh , allows one to deriveTcmax(p).
This is possible even if the pressure dependence ofb and
nhmax is taken into account.
The pressure dependence ofnh is due to charge transfe
from the ~Tl,Pb!-O layers in Tl0.5Pb0.5Sr2Ca12xYxCu2O7 to






















~apical! O bondlength28 which favors removal of antibonding
electrons. Thus, pressure raises the hole concentration o
CuO2 layers which explains the similarity between pressu
and doping experiments. The following relation, therefore





In Sec. V it will be shown that even in
Tl0.5Pb0.5Sr2Ca12xYxCu2O7, where there is hardly any
charge transfer by pressure, the experimental data ca
reasonably described by this parabola.
III. SAMPLE PREPARATION AND CHARACTERIZATION
Samples with nominal compositio
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 (0<x<1) were prepared by a
solid state reaction as described in detail by Liuet al.6,7 and
Liang et al.29 High purity CaCO3, Y 2O3, SrCO3, and CuO
powders from Aldrich Chemical Co. are thoroughly mixed
the appropriate stoichiometric amounts using a mortar an
pestle and subsequently calcined at 970 °C for 12 h in ai
form a precursor. This precursor is then mixed with Tl2O3
and PbO, ground, and finally pressed into a pellet~10 mm in
diameter and 2 mm in thickness! under a pressure of 0.2
GPa. In order to prevent loss of thallium and lead duri
sintering in a furnace at 950 °C for 3 h inflowing oxygen, the
pellets are wrapped in gold foil. After sintering, the furna
is cooled down to room temperature at a rate of 5 °C/min.
determined by powder x-ray diffraction measurement30
all the members of the solid solutio
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 (0<x<1) have the layered
structure of TlBa2CaCu2O7 ~Tl-1212! belonging to the te-
tragonalP4\mmm space group~see Fig. 1!. More impor-
tantly, these measurements confirmed that the sinte
samples are homogeneous both in structure
composition.7
By now it has been established that substitution of Pb
the Tl sites,31–33or Y in the Ca sites,34,35 not only stabilizes
the crystal structure of the phase responsible for high te
perature superconductivity but in addition also increases
volume fraction of superconducting material in the Tl-12
phase. As mentioned in the Introduction and as previou
proposed,6 substitution of Y31 for Ca21 in the system
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 effectively reduces the hole con
entration on the CuO2 layers. Several experimental find
ings seem to corroborate this. With increasing concentra
of Y 31 in the Ca21 sites, the following effects have bee
observed:6,7 ~1! an increase in thea lattice parameter as de
termined from Rietveld refinement of neutron powder d
fraction data, which generally is attributed to a decrease
the average copper oxidation state, leading to longer C
distances within the CuO2 layers,~2! an increase in the room
temperature resistivity,~3! a decrease in the effective numb
of holes determined from Hall coefficient measurements,
~4! an increase in the absolute value of the thermoelec
power. Contrary to the increase in thea lattice parameter, the
c lattice parameter decreases. This is probably due to the
that in an eightfold coordination the radius of the Y31 ion























































11 834 55JOVER, WILHELM, WIJNGAARDEN, AND LIUSeveral Tl0.5Pb0.5Sr2Ca0.8Y0.2Cu2O7 samples were sub
jected to annealing treatments7 which included slow cooling
to 350 °C in oxygen and annealing at 500 °C and 600 °C
2, 0.2, 0.009, and 0.0% of oxygen in nitrogen at 1 bar. F
lowing each of these annealings no significant shift in
diamagnetic onset temperature of 108 K was observed.
et al.7 hence conclude that this compound with the high
Tc is very stable and does not exhibit any deviation of
oxygen stoichiometry. In all compositions the oxygen s
ichiometry determined from neutron diffraction experimen
was found to be very close to 7 and independent of
yttrium contentx. As at ambient pressure, the sample w
nominal compositionx50.4 showed a higherTc value ~ex-
trapolated from theTc vs p curve! compared to the one re
ported by Liuet al.7 it is not inconceivable that the sma
piece used in the high-pressure experiment had a slig
lower yttrium content with as result a higher hole concent
tion and hence a higherTc value. UsingTc as a calibration,
x should have a value of;0.35 ~see Ref. 7! instead of 0.4.
Throughout the rest of this paper this value will be used
the calculations and the sample is consequently lab
x50.35.
IV. EXPERIMENTAL DETAILS
Pressure is generated and applied to the samples us
cryogenic diamond anvil cell37 ~DAC!. Its principle of op-
eration is described in detail by Scholtzet al.37 and by
Tristan Joveret al.10,38The applied pressure is determinedin
situ, close to the superconducting transition of the samp
with the ruby fluorescence method. After correction for t
temperature-induced shift of the rubyR1 fluorescence line,
39
the calibration of Maoet al.40 is used. All experiments are
made with the same pressure cell. The pressure is alw
changed at;185 K and the data points are taken with i
creasing pressure only.
The temperature of the sample is measured using a s
dard platinum resistor placed in a copper block in which o
of the diamonds is mounted. Since at low temperatures
mond has an even higher thermal conductivity than cop
there is good thermal contact between sample and therm
eter. To check for possible thermal gradients in the body
the high-pressure cell, two other platinum resistors
mounted approximately 1 cm above and below the diam
anvils. The temperature difference is found to be 0.6 K.
terpolated linearly, this corresponds to a temperature dif
ence across the sample of 3 mK.
The superconducting transition temperatureTc of the
sample is determined resistively using the standard fo
probe technique. The electrical leads are placed on top of
of the diamonds. These leads consist of flattened gold w
with a diameter of 25mm which are pressed onto the samp
for electrical contact. The four-point resistanceR(T) of the
sample as a function of temperature is then measured w
Keithley 2001 multimeter using a current of 1 mA.
V. EXPERIMENTAL RESULTS AND DISCUSSION
In Fig. 2 theTc values at ambient pressure~ xtrapolated
values from theTc vs p curves! of the investigated sample





























x50.0 and x50.1 samples are overdoped, thex50.35
sample is clearly underdoped. Thex50.2 sample is only
slightly overdoped.
TheTc vs x behavior reflects the parabolic dependence
Tc vs nh as described by Eq.~1!, since the chemical doping
x leads to a change in dopingnh ; in factnh}2 x. Therefore
the quadratic functionTc(x)5a01a1 x1a2 x
2 was used to
fit the experimental data in Fig. 2~solid line!. With Tc in
units of K, the fitting parameters area0577.9, a15266.7,
and a252639.3. From this fit the optimum value ofx at
ambient pressure is found to bexmax50.21 with
Tcmax5105.7 K, i.e., slightly lower than the maximum valu
reported previously.6,7
Figure 3 shows typical superconducting transitions for
x50.2 sample at two different pressures. The resista
curves are normalized with respect to their values measu
at 80 K. As indicated on the 2.5 GPa curve in Fig. 3, t
superconducting transition temperatureTc is defined as the
intersection of the tangent through the inflection point of t
resistive transition with a straight line fit of the normal sta
just above the transition. A clear shift ofTc towards higher
values is observed in going from 2.5 GPa to 10.8 GPa.
Above Tc the resistance increases with decreasing te
perature. This is attributed to the presence of intergr
boundaries in these samples, which have a measured de
of the order of 55–65% of the theoretical density, and he
is not related to superconductivity at all. From scanning el
tron microscopy the grain sizes are found to be appro
mately 1mm for all the compositions investigated in th
FIG. 2. The superconducting transition temperatureTc of
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 vs yttrium contentx at ambient pres-
sure. Forx,0.21 the samples are overdoped while forx.0.21 they
are underdoped. Optimal doping is almost reached in thex50.2











































55 11 835PRESSURE DEPENDENCE OF THE SUPERCONDUCTING . . .work. This background fortunately has only a very limite
effect upon the determination ofTc .
TheTc values obtained for all four samples are plotted
a function of pressure in Fig. 4. A parabolic pressure dep
dence ofTc is found for all samples except for the one wi
x50.0. This sample shows an approximate linearTc vs p
dependence. For the nearly optimal doped sample (x50.2)
Tc reaches a maximum value of 112 K at;8 GPa. A further
increase in pressure only leads to a decrease inTc . A similar
behavior is also seen in thex50.1 andx50.35 samples.
In agreement with Eq.~2!, the quadratic function
FIG. 3. Typical resistance curves o
Tl0.5Pb0.5Sr2Ca0.8Y0.2Cu2O7 at two different pressures. The curve
are normalized with respect to the resistance values measur
T580 K. The superconducting transition temperatureTc is defined
as the intersection of the tangent through the inflection point of
resistive transition with a straight line fit of the normal state ju
above the transition as shown by the dashed lines. A clear shi
Tc towards higher values is observed in going from 2.5 GPa to 1
GPa.
FIG. 4. Pressure dependence ofTc of four differently doped
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 samples. The solid lines are fits to th
experimental data using a parabolicTc vs p dependence, while the




was used to fit the experimental data for each compo
with different yttrium contentx in Fig. 4 whereTc is ex-
pressed in K andp in GPa. The fit parametersbi are given in
Table I, the corresponding curves are the solid lines show
Fig. 4. These fits will now be used to construct a sing
functionTc(x,p) which describes all the data of Fig. 4. As
first step parabolas such as the one shown in Fig. 2, wh
holds for ambient pressure, are constructed at various p
sures; i.e., the relation
Tc~x!5a01a1x1a2x
2 ~4!
is constructed forp50,2, . . . ,20 GPa. Since in general th
increment in pressure in the experiment is not constant
each given pressure for all fourx values the correspondin
Tc values are obtained by the interpolation of Eq.~3! of
which the appropriate coefficients are given in Table I.
As a result the fit parametersai are obtained at all pres
sure values considered. To obtain a single funct
Tc(x,p), a smooth function can be fitted to the paramet
Tcmax, b* , andxmax as a function of pressure after rewritin
Eq. ~4! as follows:




The pressure dependence ofTcmax, b* , andxmax is shown in
Fig. 5. It turns out that in order to describe all these dep
dencies separately a simple quadratic function similar to
~3! suffices. The fit parametersci so obtained for each func
tion are given in Table II. Equation~5! together with these
parameters now completely definesTc(x,p). As an example
Tc(x,p) may be calculated forx50.0, 0.1, 0.2, and 0.35
The result of this calculation is shown as the dashed line
Fig. 4. ClearlyTc(x,p) very closely fits the experimenta
data, which shows that the procedure used here is justi
Of course not only the fit to the experimental data can
calculated, but indeed the wholeTc(x,p) landscape can be
investigated. The result is shown as a contour plot in Fig
the maximumTc which can be reached in this particula
system is 112 K. This value can be reached only under p
sure at optimal yttrium content (x50.21). As stated above
this analysis is done with a corrected concentration value
x50.35 for one sample. If for this sample the nominal val
x50.4 ~which applies for the bulk from which it was taken!
is used, the quantitative analysis is slightly modified. F
example, the maximumTc would then occur forx50.23,
TABLE I. By fitting the experimental data for each compoun
with different yttrium contentx in Fig. 4 with the quadratic function
Eq. ~3!, the following values for the fit parametersbi are obtained.
x b0 b1 b2
0.0 78.4 -0.40 0
0.1 99.3 0.77 -0.057
0.2 105.2 1.5 -0.094



































11 836 55JOVER, WILHELM, WIJNGAARDEN, AND LIUwhile the sharp dropoff at the upper right corner in Fig. 6
reduced: the position of the 75 K isotherm as shown wo
then represent a 90 K isotherm.
Now Fig. 5 will be discussed in more detail. The press
dependence ofTcmax, which represents the intrinsic pressu
dependence ofTc , shows a maximum around 8 GPa, co
sistent with Fig. 4. In general, a maximum forTcmax as a
function of pressure would be expected: due to the stron
coupling between CuO2 layersTc increases until the layer
are too close and deformation or other detrimental effe
take over. The parameterb* defines the width of the pa
rabola shown in Fig. 2, and corresponding ones at hig
pressures. The increase ofb* with pressure implies a sligh
narrowing of the parabola, which means thatTc is more sen-
sitively dependent upon doping, but also that the compo
is superconducting in a narrower range of doping. In pr
ciple the parameterxmax contains two contributions due to~i!
the effect of doping by Y31, Pb41 and oxygen deficiency
and~ii ! the fact that the ambient pressure maximum ofTc vs
nh is not atnh50 but atnh5nhmax.0.16. Incidentally, as
FIG. 5. The values ofTcmax, b* , and xmax at p50,2, . . . ,20
GPa. The solid lines show the parabolic fits of which the parame
are given in Table II.
TABLE II. By fitting each of the parametersTcmax, b* , and
xmax of Eq. ~5! as function of pressure with a quadratic functio
f (p)5c01c1p1c2p
2, the following values for the fit parameter
ci are obtained.
c0 c1 c2
Tcmax 105.8 1.4 -0.092
b* 6.2 0.21 -0.0049







explained above there is practically no oxygen deficiency
these compounds and doping due to it can be ignored.
pressure dependence ofxmax also contains these two contr
butions: the pressure-induced shift innhmax and in doping by
Y 31 and Pb41. Regrettably these two contributions cann
be separated in the present experiment.
It is of course interesting to try and relatex to nh ; first the
zero-pressure case is considered. As the high-Tc supercon-
ductors are usually considered to beionic,41 charges can be
assigned to each of the constituent cations~metal ions! and
anions~oxygen ions! which are represented as point charg
Assigning the nominal valencies to theionic constituents of
Tl0.5Pb0.5Sr2Ca12xYxCu2O7, i.e., Tl
31, Pb41, Sr21, Ca21,
Y 31, Cu21, and O22, the number of holes per CuO2 layer





The validity of this relation can be easily checked. T
parabola given by Eq.~1! yields preciselyTc50 for nh
5nhmax6A1/b. The width of the parabola at its base is th
given byDnh52A1/b; it is well known20 that Dnh.0.22.
Using the fit to the experimental data in Fig. 2 it is found th
Dx50.8, whereDx is defined analogously toDnh . As a first
approximationnh5const1(Dnh /Dx)x or after substituting





Comparing this relation to Eq.~6!, it becomes clear that the
CuO2 layers in this particular system benefit only from abo
half of the chemical doping. Possibly some charge is trap
elsewhere, or not all Y31 replaces Ca21.
Now the magnitude of]nh /]p close to zero pressur
is discussed. If the initial slope]xmax/]p is entirely
attributed to a change in the hole concentrationnh ~to
obtain an upper bound! then it is found that]nh /]p'3.9
31024 GPa21, close to the value of 531024 GPa21
found42–46 for CaLaBaCu3O7. Both CaLaBaCu3O7 and
FIG. 6. Contour plot ofTc(x,p). The maximumTc which can
be reached in this particular system is 112 K. This value can





















55 11 837PRESSURE DEPENDENCE OF THE SUPERCONDUCTING . . .Tl0.5Pb0.5Sr2Ca12xYxCu2O7 have a special crystal structur
In CaLaBaCu3O7 the doping of the CuO2 layers is provided
by the CuO chains, which are very short due to the format
of very small crystallites which make CaLaBaCu3O7 mac-
roscopically tetragonal.42 Gupta and Gupta47 have calculated
that this severely hinders the transfer of charge and he
]nh /]p is expected to have a small value.
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 the doping is provided by the
~Tl,Pb!-O layers, which are also known to be of irregul
nature. Due to this, charge transfer from the~Tl,Pb!-O layers
to the CuO2 layers is frustrated. Hence it is considered like
that in Tl0.5Pb0.5Sr2Ca12xYxCu2O7 pressure-induced dopin
of the CuO2 layers is very small, although it cannot be rule
out that the change in doping from the~Tl,Pb!-O layers and
the pressure-induced shift inhmax accidentally cancel. A
small value for]nh /]p implies that pressure-induced char
transfer would have a small effect onTc . Hence the extrinsic


















Using a cryogenic diamond anvil cell the pressure dep
dence of the superconducting critical temperature of sev
Tl0.5Pb0.5Sr2Ca12xYxCu2O7 samples has been measured
sistively under quasihydrostatic conditions. TheTc vs p be-
havior for the different samples investigated can be
plained in terms of a phenomenological model whi
basically involves two terms: one directly related
pressure-induced charge transfer and another more dom
one related to intrinsic effects.
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